Background: The use of oral contraceptives (OCs) has been associated with low plasma pyridoxal 5#-phosphate (PLP).
Introduction
Adequate vitamin B-6 status is important for health. Low vitamin B-6 status has been associated with increased risk of cardiovascular disease (1) (2) (3) , venous thrombosis (4) , and stroke (5) (6) (7) . In 2012 the U.S. CDC (8) evaluated the NHANES 2005-2006 data and reported ;11% of the U.S. population having plasma pyridoxal 5#-phosphate (PLP) 9 <20 nmol/L, which is considered to be indicative of vitamin B-6 deficiency (9) . A plasma PLP <20 nmol/L was more prevalent in females (13%) than in males (7%), and females 15-40 y of age had lower plasma PLP than other age groups (8) . Oral contraceptives (OCs) are the leading contraception method in the United States and are used by ;11 million women (15-44 y of age) (10) . The use of OCs has been associated with low vitamin B-6 status for many years, although the implications are unclear. Relatively recent publications (11, 12) have suggested that current-generation OCs may continue as a factor aggravating the low vitamin B-6 status of women. Results derived from the analysis of NHANES 2003-2004 samples (12) indicated that 78% of women (21-44 y of age) taking OCs and not taking supplements had plasma PLP <20 nmol/L, and only 25% of females (21-44 y of age) who never used hormones had plasma PLP <20 nmol/L. Moreover, an Italian study showed that the prevalence of women having plasma PLP <21.7 nmol/L was higher in OC users (44%) than nonusers (25%) (11) . Whether these differences in plasma PLP reflect an actual difference in functional vitamin B-6 status with impairment in PLP-dependent metabolic processes in OC users is unclear.
In one-carbon metabolism, PLP is a coenzyme for cytosolic and mitochondrial serine hydroxymethyltransferase as well as the glycine decarboxylase in the glycine cleavage system. PLP is also a coenzyme for cystathionine b-synthase and cystathionine g-lyase in the trans-sulfuration pathway (13) . In the tryptophan catabolic pathway, PLP is a cofactor for kynureninase and kynurenine aminotransferase. Kynureninase catalyzes the conversion of kynurenine to anthranilic acid and 3-hydroxykynurenine to 3-hydroxyanthranilic acid. Kynurenine aminotransferase catalyzes the conversion of kynurenine to kynurenic acid and 3-hydroxykynurenine to xanthurenic acid (14, 15) .
Metabolic consequences of mild-to-moderate B-6 deficiency on one-carbon metabolism and tryptophan catabolism in controlled short-term vitamin B-6 restriction studies in men and women (nonusers) have been reported (16) (17) (18) (19) (20) (21) . Vitamin B-6 insufficiency had little effect on the in vivo rates of remethylation, transmethylation, and trans-sulfuration reactions of onecarbon metabolism (16) (17) (18) (19) 21) . However, this level of deficiency yielded increased plasma glycine, cystathionine, and serine, and decreased creatine, creatinine, and dimethylglycine concentrations (16, 20, 21) . Moreover, an increase in plasma 3-hydroxykynurenine and a decrease in plasma kynurenic acid were reported after the restriction (20) . Mathematic model predictions of changes in urinary tryptophan metabolite concentrations without previous tryptophan loading also demonstrated the increase of 3-hydroxykynurenine and the decrease of kynurenic acid in moderate vitamin B-6 deficiency. A more pronounced change was obtained at a more severe deficiency. Kynurenine and xanthurenic acid showed to respond (i.e., increase) at a more severe deficiency (22) . The substrate-to-product ratios, 3-hydroxykynurenine to kynurenic acid, 3-hydroxykynurenine to 3-hydroxyanthranilic acid, and 3-hydroxykynurenine to xanthurenic acid, derived from metabolites involved in the PLP-dependent reactions have been shown to be strongly negatively associated with PLP and have been suggested as biomarkers of functional vitamin B-6 status (23) .
The use of OCs has been associated with increased risk of cardiovascular disease (24) , although the exact mechanisms are unclear. There is some evidence of increased homocysteine in women using OCs (25) , but conflicting data have been reported (11, 24) . Moreover, elevated C-reactive protein (CRP) has been reported in OC users when compared to nonusers (24, 25) . Little is known about the effect of OCs on other aspects of one-carbon metabolism and other biomarkers of inflammation.
We report here studies conducted to more fully assess the nutritional status of OC users and the effects of OC usage on biomarkers of vitamin B-6 as well as one-carbon metabolism and tryptophan catabolism. This analysis evaluated the profiles of multiple biomarkers in OC users, followed by a comparison of these metabolite profiles with previously published results from nonuser controls.
Methods
Human participants and samples For the OC users group, 157 women using common combined or single formulations of OCs containing 20-30 mg/d ethinyl estradiol and a progesterone were enrolled between August 2010 and August 2013 in Gainesville, FL. OC users meeting the following inclusion criteria were included: OC usage for >6 mo; aged between 20-40 y; normal total homocysteine concentration, no history of gastrointestinal surgery, abnormal kidney or thyroid function, or any other chronic disease; no smoking or chronic drug use or alcoholism; BMI <32 kg/m 2 , with the majority of OC users having a BMI <28 kg/m 2 ; no vitamin, amino acid, or protein supplementation; no chronic consumption of a high-protein diet; and not pregnant. For the nonusers group, metabolite profile data were obtained from a previously published study (20) . Metabolite concentrations were measured from fasting plasma samples of 11 healthy females not using OCs who participated in 2 previous identical dietary vitamin B-6 restriction studies (18, 21) . The characteristics of the women and the complete restriction protocols have been reported elsewhere (18, 21) . Briefly, the participants met the following inclusion criteria: no OC usage; aged between 20-40 y; normal total homocysteine concentration, no history of gastrointestinal surgery, abnormal kidney or thyroid function, or any other chronic disease; no smoking or chronic drug use or alcoholism; BMI <28 kg/m 2 ; no vitamin, amino acid, or protein supplementation; no chronic consumption of a high-protein diet; not pregnant and with adequate nutritional status (18, 21) . The restriction protocols both involved controlled feeding of a vitamin B-6 diet (mean 6 SD: <0.37 6 0.04 mg/d) for 28 d that induced a state of low vitamin B-6 status as indicated by PLP <30 nmol/L (18, 21) . Metabolite profile analysis was performed on plasma samples from fasted participants before and after the restriction (20) .
All OC users and participants from the previous restriction protocols signed an informed consent form. All procedures were reviewed and approved by the University of Florida Institutional Review Board and the University of Florida Clinical Research Center Scientific Advisory Committee. This study was registered at clinicaltrials.gov as NCT01128244. The restriction study, from which data for nonusers was derived, was registered as NCT00877812.
Experimental design
Data obtained from OC users ( Figure 1 ) and nonusers were analyzed in 2 different ways, designated in the association study and comparison study. For the association study, metabolite data from all OC users were used to determine the association of plasma PLP with metabolites involved in one-carbon metabolism, tryptophan catabolism, and inflammation. For the comparison study, metabolite data from OC users were compared to previously published metabolite data from the nonuser subjects who participated in the vitamin B-6 restriction studies (18, 21) . To investigate the effects of OCs on metabolites involved in these metabolic pathways, independent of vitamin B-6 status, the OC and nonuser groups were divided according to range of PLP concentration into adequate (PLP >30 nmol/L) and low (PLP #30 nmol/L) groups. For evaluation of OC effects on metabolite patterns in vitamin B-6-adequate subjects, we used data from 93 OC users and 11 nonusers (data from before restriction) having plasma PLP concentrations between 31 and 70 nmol/L. This range was selected to exclude OC users who had very high PLP concentrations possibly because of pyridoxine intake through consumption of highly fortified food or beverage products (26) or vitamin supplementation (27) . Additionally, this range was related to the PLP concentration observed in the nonuser group, which did not use supplementation. For the evaluation of OC effects in subjects having low vitamin B-6 status, we used 18 OC users and 11 nonusers (data from after restriction) who had plasma PLP <30 nmol/L.
Measurements
Association study. Fasting plasma PLP was determined by reversedphase HPLC through use of the semicarbazide-derivative with fluorescence detection analysis (28) . Plasma aminothiols, which include total homocysteine, total cysteine, cysteinylglycine, and total glutathione, were measured as the ammonium 7-fluorobenzo -2-oxa-1,3-diazole-4-sulfonate derivative by reversed-phase HPLC with fluorescence detection (29) . A total of 29 metabolites including constituents of one-carbon and tryptophan metabolism were measured by LC-tandem MS (MS/MS) (30) at Bevital (Bergen, Norway). B-6 vitamers included pyridoxal, pyridoxine, and 4-pyridoxic acid. Plasma one-carbon related compounds included betaine, choline, dimethylglycine, creatine, creatinine, methionine, arginine, asymmetric dimethylarginine, symmetric dimethylarginine, homoarginine, trimethylysine, histidine, trimethyl N-oxide, riboflavin, and cystathionine. Tryptophan metabolites included tryptophan, kynurenine, 3-hydroxyanthranilic acid, kynurenic acid, anthranilic acid, xanthurenic acid, 3-hydroxyanthranilic acid, quinolinic acid, nicotinamide, and N 1 -methylnicotinamide. The following ratios were calculated: betaine to choline and dimethylglycine to betaine, which reflect reactions of betaine production and utilization; asymmetric dimethylarginine to arginine as a possible marker of endothelial dysfunction (20, 31) ; creatine to cystathionine, which was previously shown to be sensitive to vitamin B-6 restriction (20) ; and the ratios 3-hydroxykynurenine to kynurenic acid, 3-hydroxykynurenine to 3-hydroxyanthranilic acid, 3-hydroxykynurenine to xanthurenic acid, 3-hydroxykynurenine to anthranilic acid, and 3-hydroxykynurenine to kynurenine, which reflect PLP-dependent reactions in the tryptophan catabolic pathway. Biomarkers of inflammation included neopterin, measured by LC-MS/MS as above (30) , plasma CRP [measured by ELISA (high-sensitivity CRP kit. no. CR120C; Calbiotech)], and the kynurenine-to-tryptophan ratio.
Comparison study. Metabolite profile data for the nonusers were obtained from a previous study (20) . These data consisted of 11 metabolites involved in one-carbon and related processes measured with use of LC-MS/MS at the Biomedical Mass Spectrometry Laboratory, Clinical and Translational Science Institute, University of Florida (20) . These metabolites included betaine, choline, dimethylglycine, creatine, creatinine, methionine, arginine, asymmetric dimethylarginine, symmetric dimethylarginine, riboflavin, and cystathionine. The published 10 tryptophan metabolites and neopterin were measured by LC-MS/MS (30) at Bevital (Bergen, Norway), whereas plasma CRP was measured by ELISA (high-sensitivity CRP kit. no. CR120C; Calbiotech).
Statistical analysis
Association study. Nonlinear associations between PLP, metabolites, and metabolite ratios were determined by fitting generalized additive models with use of SAS 13.1. The model helps bring to light nonlinear associations without making parametric assumptions and distributional restrictions. Statistical significance of an association was tested through use of the x-square approximation and determined at the 0.05 level. Partial least squares-discriminant analysis (PLS-DA) (32, 33) was performed with use of pooled data for one-carbon, tryptophan metabolites and biomarkers of inflammation using SIMCA, version 13 (MKS Umetrics) (34) . The B-6 vitamers, PLP, pyridoxal, 4-pyridoxic acid, and pyridoxine were omitted for this analysis to focus the analysis on the other metabolites. Score plots were used to evaluate overall differences in metabolite profiles according to vitamin B-6 concentration: low (PLP #30 nmol/L), medium (PLP = 31-99 nmol/L), and high (PLP $100 nmol/L). Concentrations $100 nmol/L were included to represent women who had very high PLP concentrations possibly because of supplementation (e.g., vitamin supplements) (27) . A discriminant analysis of the contribution of each variable to group differences according to vitamin B-6 status was conducted through use of the variable influence on projection (VIP) method (33, 35) . As stated previously (20, 36) , the VIP values represent weighted sums of squares of the PLS weights of the various metabolites and take into account the proportion of Y-variance in each dimension (34) . In each plot, each variable is provided with a VIP value and a 95% CI derived from jack-knifing (34, 35, 37) . Variables for which the VIP value 6 95% CI exceeds 1 are designated as significant biomarkers in this analysis.
Comparison study. All data are presented as means 6 SDs. To meet the Gaussian assumption, logarithmic transformation was performed on the concentrations before comparing overall differences between OC users and nonusers. The multivariate ANOVA was used to assess overall significance, and if significant, was followed by stepdown tests with Sidak adjustment for multiple testing to compare individual metabolites and ratios responsible for the differences (38) . SAS 13.1 was used for the analyses. Cystathionine, a sensitive biomarker of marginal vitamin B-6 deficiency, was specifically compared between OC users and nonusers of low vitamin B-6 status with use of StudentÕs 2-sample t test using SigmaPlot 11.0; data were log transformed before the StudentÕs t test. Statistical significance was determined at the 0.05 level.
Results

Participant characteristics
A total of 157 women with an age range between 20 and 34 y old were recruited. Only 18 (11.4%) of the 157 OC users had plasma PLP #30 nmol/L. Of the 18, only 3 women had plasma PLP <20 nmol/L (indicative of deficiency). The other 139 (89%) women had adequate plasma PLP concentrations ranging from 31 to 189 nmol/L. All data from the 157 OC users were used for the association study. The subset of 93 OC users used for the comparison study had plasma PLP concentrations between 31 and 70 nmol/L with a mean PLP of 45.9 6 11.5 nmol/L ( Table 1) . For the low group, the18 OC users had a mean PLP of 24.7 6 4.29 nmol/L ( Table 1) . The 11 nonusers, with an age range between 20 and 39 y old, who were used as the control group had normal plasma PLP concentrations before the restriction with a mean PLP of 45.7 6 12.5 nmol/L (Table 1) . After the restriction, the plasma Table 1) .
Associations of PLP with metabolites in OC users
One-carbon metabolism. Significant nonlinear associations with PLP were obtained for total homocysteine, total glutathione, and the ratio of asymmetric dimethylarginine to arginine (Figure 2 ). Homocysteine and glutathione showed an overall negative relation with plasma PLP showing higher concentrations at PLP values lower than ;50 nmol/L (Figure 2A, B) . The ratio of asymmetric dimethylarginine to arginine gradually decreased as PLP concentration increased to a concentration of ;130 nmol/L. However, the asymmetric dimethylarginine-toarginine ratio increased for PLP >150 nmol/L ( Figure 2C ). Pyridoxal and 4-pyridoxic acid showed a significant general positive nonlinear association with plasma PLP reaching plateau at PLP concentrations of ;150 nmol/L (data not shown). No significant associations were found between PLP and the other metabolites and ratios analyzed including cysteine, cysteinylglycine, cystathionine, creatine, creatinine, methionine, arginine, symmetric dimethylarginine, choline, betaine, dimethylglycine, trimethyllysine, trimethyl N-oxide, histidine, and riboflavin, as well as for the ratios betaine to choline, dimethylglycine to betaine, and creatinine to cystathionine.
Tryptophan metabolism. There was no significant association between PLP and tryptophan, kynurenine, 3-hydroxykynurenine, kynurenic acid, xanthurenic acid, anthranilic acid, 3-hydroxyanthranilic acid, quinolinic acid, nicotinamide or N 1 -methylnicotinamide. However, a significant overall negative nonlinear association of PLP with the ratios 3-hydroxykynurenine to kynurenic acid and 3-hydroxykynurenine to 3-hydroxyanthranilic acid was observed ( Figure 2D , E). No significant associations were found for the ratios 3-hydroxykynurenine to xanthurenic acid, 3-hydroxykynurenine to anthanilic acid, and 3-hydroxykynurenine to kynurenine.
Biomarkers of inflammation. There were no significant relations between neopterin, kynurenine-to-tryptophan ratio, or CRP with plasma PLP.
Multivariate analysis of pooled one-carbon, tryptophan metabolites and biomarkers of inflammation. The overall effect of PLP concentration on the pooled analytes involved in one-carbon and tryptophan metabolism and biomarkers of inflammation was evaluated by PLS-DA ( Figure 3) . For this analysis, the data were categorized in 3 different classes based on plasma PLP concentrations: low, plasma PLP #30 nmol/L; medium, plasma PLP = 31-99 nmol/L; and high, plasma PLP >100 nmol/L. The results showed separation according to vitamin B-6 concentration indicating differences in the groups, with the main separation between PLP #30 nmol/L from the medium and high PLP groups. VIP plots were used to identify the metabolites and ratios that were significant differentiating factors among these groupings of plasma PLP concentration at the 95% confidence level (Figure 4) . The VIP plot for component 1 of the analysis ( Figure 4A ) identified total glutathione and the ratio of 3-hydroxykynurenine to 3-hydroxyanthranilic acid as the significant discriminating biomarkers. The VIP plot for component 2 ( Figure 4B ) identified total glutathione, 3-hydroxykynurenine, and the ratio 3-hydroxykynurenine to kynurenine as the significant discriminating biomarkers. No significant discriminating effect was observed for the biomarkers of inflammation neopterin, CRP, and the kynurenine-to-tryptophan ratio. VIP analysis also showed trends toward significance (90% confidence level) for total glutathione, total homocysteine, cysteinylglycine, and the ratios 3-hydroxykynurenine to 3-hydroxyanthranilic acid and 3-hydroxykynurenine to kynurenic acid for PLS-DA component 1 and total glutathione, total homocysteine, 3-hydroxykynurenine, and the ratios 3-hydroxykynurenine to 3-hydroxyanthranilic acid, 3-hydroxykynurenine to kynurenine, and 3-hydroxykynurenine to kynurenic acid for component 2. Further analysis of these and related data will be reported elsewhere.
Comparison study: OC users vs. nonusers Targeted analysis of metabolites involved in one-carbon metabolism, tryptophan catabolism, and inflammation quantified a panel of 29 compounds (Tables 1-3 ). The results from the multivariate ANOVAs conducted separately for adequate and low vitamin B-6 status showed significant overall differences between OC users and nonusers for one-carbon metabolites at adequate (P < 0.0001) and low (P = 0.0019) vitamin B-6 status, and for tryptophan metabolites at adequate (P < 0.0001) and low (P = 0.0027) vitamin B-6 status. No overall differences between OC users and nonusers were found for biomarkers of inflammation at either adequate (P = 0.74) or low (P = 0.07) vitamin B-6 status.
Metabolites responsible for differences in one-carbon metabolite concentrations in OC users vs. nonusers. We investigated 18 analytes involved in one-carbon metabolism and related processes in OC users and nonusers who had adequate or low vitamin B-6 status ( Table 1) . Independent of plasma PLP concentrations, pyridoxal and 4-pyridoxic acid were both higher in OC users (adjusted P = 0.0005, adjusted P = 0.0085, respectively). At adequate vitamin B-6 status, total glutathione (adjusted P = 0.00001), betaine (adjusted P = 0.0066), arginine (adjusted P = 0.030), asymmetric dimethylarginine (adjusted P < 0.00001), and symmetric dimethylarginine (adjusted P < 0.00001) were significantly lower in OC users than nonusers. At low vitamin B-6 status, total glutathione (adjusted P = 0.011), betaine (adjusted P = 0.012), and asymmetric dimethylarginine (adjusted P = 0.020) were significantly lower in OC users than nonusers, and creatine (adjusted P = 0.0088) was significantly higher in OC users than nonusers. Moreover, cystathionine, a sensitive biomarker of marginal vitamin B-6 deficiency, was significantly lower in OC users vs. nonusers of low vitamin B-6 status (P = 0.004, t test). Investigation of selected metabolite ratios provided additional information about possible differences in reactions occurring in key metabolic processes. At adequate vitamin B-6 status, the ratio of asymmetric dimethylarginine to arginine (adjusted P = 0.0018) was significantly lower in OC users, whereas the ratio of dimethylglycine to betaine (adjusted P = 0.0004) was significantly higher in the OC group. At low vitamin B-6 status, the ratio of betaine to choline (adjusted P = 0.0002) was significantly lower in OC users.
Metabolites responsible for differences in tryptophan metabolism in OC users vs. nonusers. We investigated 10 metabolites involved in tryptophan catabolism in OC users vs. nonusers at adequate and low vitamin B-6 status ( Table 2 ). Significant overall differences were found at adequate and low vitamin B-6 status. The metabolites responsible included FIGURE 2 Associations (95%) of plasma PLP with one-carbon, tryptophan metabolites and ratios. Associations were modeled by GAMs with use of data from 157 oral contraceptive users. Shaded areas indicate 95% CIs. The significant metabolites, by x-square test based on GAM, were (A) Hcy, (B) GSH, and the ratios (C) ADMA to Arg, (D) HK to KA, and (E) HK to HAA. ADMA:arg, asymmetric dimethylarginine-to-arginine ratio; GAM, generalized additive model; GSH, glutathione; Hcy, homocysteine; HK:HAA, 3-hydroxykynurenine-to-3-hydroxyanthranilic acid ratio; HK:KA, 3-hydroxykynurenine-to-kynurenic acid ratio; PLP, pyridoxal 5#-phosphate. xanthurenic acid (adjusted P = 0.025), 3-hydroxyanthranilic acid (adjusted P = 0.009), quinolinic acid (adjusted P = 0.035), and nicotinamide (adjusted P = 0.025), which were higher in OC users than nonusers of low vitamin B-6 status. At adequate vitamin B-6 status, 3-hydroxyanthranilic acid (adjusted P = 0.0008) was significantly higher in OC users than nonusers. Xanthurenic acid (adjusted P = 0.067) and quinolinic acid (adjusted P = 0.006) showed a similar trend without reaching statistical significance. No significant differences were found for N 1 -methylnicotinamide and the other tryptophan metabolites. Additionally, the ratios 3-hydroxykynurenine to kynurenic acid, 3-hydroxykynurenine to xanthurenic acid, 3-hydroxykynurenine to anthranilic acid, and 3-hydroxykynurenine to kynurenine were not significantly different in OC users when compared to nonusers at adequate status. However, a trend toward a decrease for the ratios 3-hydroxykynurenine to xanthurenic acid, 3-hydroxykynurenine to 3-hydroxyanthranilic acid, and 3-hydroxykynurenine to kynurenine was observed at low vitamin B-6 status without reaching statistical significance.
Discussion
The use of OCs has been associated with low plasma PLP concentration (11, 12) . The prevalence of low plasma PLP in OC users in our study was lower than expected based on 2003-2004 NHANES data (12) . Only 3 (1.9%) of the women had plasma PLP <20 nmol/L (deficiency), and 15 (9.5%) women had plasma PLP between 20 and 30 nmol/L (marginal deficiency). These observations indicate that in this population, which mostly comprises college women who may have a generally healthy diet, the prevalence of vitamin B-6 deficiency in OC users is low. Additionally, the extremely large percentage of women with apparent vitamin B-6 deficiency reported in that study likely was attributable to an analytic issue. The enzymatic PLP assay used in that study later was reported to indicate almost double the number of low PLP results than the validated HPLC method (39) .
Metabolic effects of inadequate vitamin B-6 nutritional status (PLP <30 nmol/L) on cellular metabolic processes including amino acid, lipid, organic acid, and one-carbon and tryptophan metabolism have been reported in men and women (nonusers) after short-term vitamin B-6 restriction (16, 18, 20, 21, 40, 41) . Our association study further demonstrated relations between plasma PLP and metabolites involved in one-carbon metabolism. An expected inverse association between PLP and total homocysteine was observed. Homocysteine catabolism is a vitamin B-6-dependent process because of the role of PLP as a coenzyme for cystathionine b-synthase, involved in the formation of cystathionine, and cystathionine g-lyase (CSE) yielding cysteine. No significant association between PLP and cysteine was observed in this study, which is in agreement with previous reports showing no effects of vitamin B-6 restriction on cysteine flux and concentration (16, 18) . Cystathionine did not show Variables in which the lower range of the CI exceed a VIP value of 1 are considered to be significant at the 95% level (white bars). AA, anthranilic acid; ADMA, asymmetric dimethylarginine; Bet, betaine; Chol, choline; Cre, creatine; Crn, creatinine; CRP, C-reactive protein; Csn, cystathionine; Cysgly, cysteinylglycine; DMG, dimethylglycine; GSH, glutathione; HAA, 3-hydroxyanthranilic acid; hArg, homoarginine; Hcy, homocysteine; HK, 3-hydroxykynurenine; KA, kynurenic acid; Kyn, kynurenine; mNAM, N 1 -methylnicotinamide; NAM, nicotinamide; Neopt, neopterin; OC, oral contraceptive; PLP, pyridoxal 5#-phosphate; QA, quinolinic acid; Ribo, riboflavin; SDMA, symmetric dimethylarginine; TMAO, trimethyl N-oxide; TML, trimethylysine; Var ID, variable identification; VIP, variable influence on projection; XA, xanthurenic acid.
significant association overall with vitamin B-6 status, although an increase at PLP <30 nmol/L has been previously reported (16, 18, 21) . Activity of CSE is reduced during marginal vitamin B-6 deficiency, but the activity and in vivo flux of cystathionine b-synthase is maintained resulting in the accumulation of cystathionine (16, 42) . However, the concentration of cystathionine in the OC group (0.14 6 0.10 mmol/L) vs. nonusers (0.24 6 0.11 mmol/L) appears to indicate that the level of deficiency in the OC users group was not sufficient to cause an effect on the activity of CSE. The inverse relation between PLP and total glutathione found in this study is supported by previous studies showing slightly increased glutathione concentrations after vitamin B-6 restriction (16, 42) . In view of the fact that another vitamin B-6 restriction study showed no effect on plasma glutathione (43) , the effects of vitamin B-6 on plasma glutathione appear to be weak and inconsistent. The lack of significant associations between PLP and creatine, creatinine, and dimethylglycine observed in this study was in contrast with the previously reported association of vitamin B-6 restriction with decreased plasma concentrations of these metabolites (20) . Interestingly, the association between PLP and the asymmetric dimethylarginineto-arginine ratio showed higher values at the lower and higher ends of the PLP concentration curve with the steepest slope observed at higher PLP concentrations ( Figure 2C) . A higher asymmetric dimethylarginine-to-arginine ratio might be associated with higher risk of cardiovascular disease because higher concentrations of asymmetric dimethylarginine are associated with endothelial dysfunction (31) . Moreover, the lack of significant association between PLP and inflammatory biomarkers agrees with previous findings that induced vitamin B-6 deficiency does not cause inflammation (20) .
Our study demonstrates and confirms the association between PLP and 3-hydroxykynurenine ( Figure 4B ) and the ratios 3-hydroxykynurenine to kynurenic acid and 3-hydroxykynurenine to 3-hydroxyanthranilic acid ( Figure 2C, D) . These results are in agreement with previous studies (20, 23, 44) and our mathematic modeling prediction of increased 3-hydroxykynurenine (22) . PLP was not significantly associated with xanthurenic acid in contrast to earlier studies mainly involving urinary excretion after a tryptophan load (45) (46) (47) . Kynureninase is more sensitive to vitamin B-6 deficiency than kynurenine aminotransferase (15) , which explains the increase of 3-hydroxykynurenine during deficiency. Additionally, the use of tryptophan loads would cause an increase in tryptophan degradation, and therefore, greater xanthurenic acid concentrations are observed from the higher conversion of 3-hydroxykynurenine to xanthurenic acid in the vitamin B-6-deficient individuals (22) .
Other important findings were obtained from the comparison study between OC users and nonusers. Pyridoxal and 4-pyridoxic acid were higher in the OC group than nonusers group. The higher 4-pyridoxic acid in OC users is in contrast to previous reports evaluating urinary 4-pyridoxic acid excretion (48, 49) . Higher plasma 4-pyridoxic acid might suggest greater pyridoxal catabolism. The 4-pyridoxic acid-to-(pyridoxal + PLP) ratio, which has been reported as marker for vitamin B-6 catabolism (50), was higher in OC users than nonusers at adequate and low B-6 status (P = 0.03 and P < 0.001, respectively) (data not shown). However, the observed higher pyridoxal and 4-pyridoxic acid could also be the result of possibly higher pyridoxine intake by the OC users. Total glutathione was significantly lower in OC users. The association of low glutathione with sex hormones has been previously shown (51) . Betaine was found to be lower in the OC users group. Whether the differences in betaine reflect differences in dietary intake or from the de novo biosynthesis from its precursor choline are unclear. There were no significant differences in choline and dimethylglycine between OC users and nonusers. There was, however, a significant lower betaine-to-choline ratio and a significant higher dimethylglycine-to-betaine ratio in OC users than nonusers, which suggests a possible effect of sex hormones on betaine production and utilization. Asymmetric dimethylarginine and symmetric dimethylarginine and the ratio asymmetric dimethylarginine to arginine were also lower in OC users than nonusers. Although asymmetric dimethylarginine is a direct inhibitor of NO production, symmetric dimethylarginine indirectly inhibits NO by competing with its precursor arginine for transport (52) , suggesting that OC users may have greater protection than nonusers for endothelial dysfunction. The observation of lower arginine and creatine in OC users vs. nonusers of low vitamin B-6 status is unexpected and may reflect dietary differences between these groups; thus, the effects of OCs on these metabolites need further investigation. In contrast with previous reports (24, 25) , there were not significant differences in plasma CRP between OC users and nonusers. Our observations regarding tryptophan metabolites in OC users vs. nonusers are in accordance with previous studies that showed higher concentrations of these metabolites in OC users (53) (54) (55) . Increased metabolite concentrations can be explained by the inductive effect of estrogen on tryptophan 2,3-dioxygenase, the first enzyme in the tryptophan catabolic pathway in the liver (56) . None of the substrate-to-product ratios representing reactions catalyzed by PLP-dependent enzymes in the tryptophan catabolic pathway, and the nicotinamide product N 1 -methylnicotinamide, were significantly different between OC users and nonusers, which indicates no functional effect of OCs on these reactions.
This study showed the effects of OCs on metabolites involved in one-carbon metabolism that, to our knowledge, have not been previously reported. However, some limitations for the comparison study need to be noted. The sample size for the nonusers group was very small compared to the OC users group, which could have influenced the statistical power. In addition, some of the one-carbon metabolite concentrations were measured by different laboratories (i.e., betaine, choline, dimethylglycine, creatine, creatinine, methionine, arginine, asymmetric dimethylarginine, and symmetric dimethylarginine), and interlaboratory validation studies have not been conducted. Moreover, glycine, which has been shown to be affected by vitamin B-6 deficiency in previous reports, was not evaluated in this study. Finally, there is a lack of information regarding self-selected usual diets for the OC users, which precludes evaluation of dietary intakes between the 2 groups.
In summary, this observational study showed a low frequency of vitamin B-6 deficiency in the OC users we evaluated. Our results provided evidence of mild functional effects of low vitamin B-6 deficiency associated with OC usage on the metabolic processes investigated. It also extends our knowledge of the association of plasma PLP with metabolites involved in one-carbon metabolism, tryptophan catabolism, and inflammation in OC users and supports the findings from previous studies that proposed the use of 3-hydroxykynurenine, homocysteine, and the ratios 3-hydroxykynurenine to 3-hydroxyanthranilic acid and 3-hydroxykynurenine to kynurenic acid as reliable biomarkers for the diagnosis of vitamin B-6 insufficiency.
